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Identification and Characterization of Five Intramembrane
Metalloproteases in Anabaena variabilis

Kangming Chen, Liping Gu, Xianling Xiang,* Michael Lynch, and Ruanbao Zhou
Department of Biology and Microbiology, South Dakota State University, Brookings, South Dakota, USA

Regulated intramembrane proteolysis (RIP) involves cleavage of a transmembrane segment of a protein, releasing the active
form of a membrane-anchored transcription factor (MTF) or a membrane-tethered signaling protein in response to an extracel-
lular or intracellular signal. RIP is conserved from bacteria to humans and governs many important signaling pathways in both
prokaryotes and eukaryotes. Proteases that carry out these cleavages are named intramembrane cleaving proteases (I-CLips). To
date, little is known about I-CLips in cyanobacteria. In this study, five putative site-2 type I-Clips (Ava_1070, Ava_1730,
Ava_1797, Ava_3438, and Ava_4785) were identified through a genome-wide survey in Anabaena variabilis. Biochemical analy-
sis demonstrated that these five putative A. variabilis site-2 proteases (S2Ps ,,) have authentic protease activities toward an artifi-
cial substrate pro-o, a Bacillus subtilis MTF, in our reconstituted Escherichia coli system. The enzymatic activities of process-
ing pro-o® differ among these five S2Ps . Substitution of glutamic acid (E) by glutamine (Q) in the conserved HEXXH zinc-
coordinated motif caused the loss of protease activities in these five S2Ps , , suggesting that they belonged to the metalloprotease
family. Further mapping of the cleaved peptides of pro-o* by Ava_4785 and Ava_1797 revealed that Ava_4785 and Ava_1797
recognized the same cleavage site in pro-c™ as SpoIVFB, a cognate S2P of pro-o* from B. subtilis. Taking these results together,
we report here for the first time the identification of five metallo-intramembrane cleaving proteases in Anabaena variabilis. The

experimental system described herein should be applicable to studies of other RIP events and amenable to developing in vitro

assays for I-CLips.

Regulating the activity of transcription factors is an efficient
way to regulate gene expression. In addition to several well-
known mechanisms for regulating the activity of transcription
factors, such as posttranslational modifications (23, 27) and deg-
radation of an antitranscription factor or its antagonistic protein
(3, 15,21), a recently discovered and little-understood regulation
is intramembrane proteolysis of membrane-tethered transcrip-
tion factors. Spatiotemporal sequestration of transcription factors
in the cellular membrane is emerging as an elegant mechanism for
the regulation of gene expression. The regulated intramembrane
proteolysis (RIP) of membrane-tethered transcription factors
(MTFs) (8, 35, 56) or membrane-anchored signaling proteins
(MSPs) (12, 57, 59) by membrane-embedded proteases plays im-
portant roles in eliciting transcriptional responses in many vital
cellular processes, including cell division and differentiation (6,
12,48, 51, 66), cell migration (60), stress responses (3, 15, 26, 64),
microbial pathogenesis (5, 40-42, 45), cholesterol biosynthesis
(47), and human innate and adaptive immunity (20), as well as
pathogenesis of cancer (4, 34, 39) and human diseases such as
hyperlipidemias and Alzheimer’s (51, 53). Since RIP-mediated
signal transduction does not require de novo protein synthesis
due to sequestration of transcription factors in the cellular
membrane, this allows the signal to be transmitted across cell
membranes quickly in response to an extracellular or intracel-
lular signal. Furthermore, the MTF itself serves as both a signal
transducer and a trigger of target gene expression in an RIP
signaling pathway. Another unique feature of RIP is that in-
tramembrane-cleaving proteases (I-CLips) with catalytic-site
motifs embedded within transmembrane (TM) segments (2,
17,19, 61) cleave the transmembrane helix (TMH) of an MTF
or MSP inside the lipid bilayer, a hydrophobic environment
that is quite different from the aqueous environment required
for conventional proteolytic enzymes. Thus, I-CLips can ac-
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complish many important membrane-involved tasks beyond
the capability of their soluble cousins. How this membrane-
mediated proteolysis occurs is an unanswered question in the
study of the enzymology and membrane biology of I-CLips.
Typically, a two-step cleavage pattern is employed in RIP (7).
An initial cleavage by site-1 protease (S1P) at a site outside the
membrane generates a shortened peptide of a MTF, which is a
prerequisite for the next cleavage. Then a site-2 protease (S2P)
activates the MTF by cleavage of its transmembrane segment to
release the transcriptional activation domain (TAD) from the
membrane, allowing it to regulate downstream target genes (Fig.
1). Proteases that carry out these cleavages are called I-CLips (59).
Three well-known families of I-CLips have been documented;
they are intramembrane aspartyl proteases (e.g., presenilins and
signal peptide peptidase [SPP]) (11, 37), rhomboid serine pro-
teases (24, 54), and S2P metalloproteases (7). Among them, RIP
by S2P metalloproteases has been found in both prokaryotes and
eukaryotes. For example, S2P-SREBP (sterol regulatory-element-
binding protein) RIP from Homo sapiens, the first identified RIP
pair, plays an important role in regulation of sterol and fatty acid
synthesis and uptake through RIP activation of SREBP (7). The
SREBP precursor is sequestrated to the endoplasmic reticulum
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FIG 1 Diagram illustrates the typical regulated intramembrane proteolytic
(RIP) activation of the membrane-anchored transcription factor in the cell.
Inactive MTF (membrane portion shown in dark gray and cytosolic portion in
light gray) is temporally membrane sequestered away from the transcription
machinery. In quick response to an extracellular or intracellular signal, MTF
undergoes an intramembrane proteolytic activation by an I-CLip, releasing an
active MTF access to the transcription machinery to timely regulate target gene
expressions.

(ER) after it is synthesized. Under low-cholesterol conditions,
SREBP is transported to the Golgi apparatus from the ER by
COPII-coated transport vesicles (16, 55). In the Golgi apparatus,
SREBP first must be cleaved by a serine protease site-1 protease
around the consensus sequence RXXL in the luminal loop of
SREBP (7). Then, this shortened peptide, which is still attached to the
membrane, is recognized and attacked by a site-2 protease within the
membrane, releasing a transcriptional activation domain to regulate
cholesterol biosynthetic genes in the nucleus (7). Finally, this signal-
ing pathway can be inhibited by elevated levels of cholesterol. An-
other example of an S2P homolog is SpoIVFB in Bacillus subtilis,
which cleaves the N-terminal membrane segment of pro-c* and
releases an active o from the forespore membrane into the cyto-
sol of the mother cell, where ¢ turns on the genes required for
spore maturation (66, 68, 69). RIP is a well-conserved mechanism
that controls many important signaling pathways found in bacte-
ria, fungi, higher plants, and humans (8, 29, 37, 57, 59, 61). Over
1,857 putative S2Ps were identified in available genomes, includ-
ing the human genome and the genomes of higher plants (http:
/Imerops.sanger.ac.uk/cgi-bin/famsum?family=m50). Only five
paired S2P RIP systems have been studied to date. They are B.
subtilis SpolVFB-pro-o™ (31, 33, 48, 66, 68, 69) and YluC-RsiW/
FtsL (6, 50), Escherichia coli RseP-RseA (3), Caulobacter crescentus
MmpA-Pod] (10), and H. sapiens S2P-SREBP/ATF6 (8, 52). There
has been no genome-wide study of RIP in any organism so far.
Thus, we systematically explore RIP in Anabaena variabilis ATCC
29413 (here, A. variabilis), a filamentous heterocyst-forming cya-
nobacterium capable of fixing nitrogen and CO, using the energy
of sunlight via oxygen-evolving plant-type photosynthesis. In ad-
dition, it has four distinct differentiated cell types, including veg-
etative cells for photosynthesis, heterocysts for nitrogen fixation
(22, 62, 63), akinetes (spores) for survival (1, 36, 70), and hor-
mogonia for motility and for the establishment of symbiosis (44,
46). Based on the studies of RIP in other organisms (3, 6, 28, 43,
48), we speculate that RIP in A. variabilis may play important roles
in the differentiation of heterocysts, akinetes (spores), and hor-
mogonia, in coupling oxygenic photosynthesis and aerobic nitro-
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gen fixation, in stress adaptations, in cell-cell communication,
and/or in symbiosis with plants.

In this study, we screened and identified five putative S2Psin A.
variabilis (S2Ps,,) by a similarity search against the A. variabilis
genome using B. subtilis SpoIlVEB as a template. Our experimental
data provide strong evidence for the first time that there are five
metallo-intramembrane proteases in A. variabilis.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli strains TOP10 (Invitrogen) and
NEBI10-beta (New England BioLabs) were used for routine maintenance
and preparation of plasmids; BL21(DE3) (Novagen) was used for overex-
pression of recombinant protein. Luria-Bertani (LB) broth was used for
the growth of E. coli. Antibiotics were used at the following concentra-
tions: ampicillin (Amp), 100 pg/ml; kanamycin (Kan), 50 pg/ml. Each
S2P,, open reading frame (ORF) (ava_1070, ava_1730, ava_1797,
ava_3438, and ava_4785), as well as the truncated ava_1070 consisting of
amino acid residues 201 to 417 [ava_1070(201-417)] and ava_3438(184—
407), was amplified from A. variabilis genomic DNA using primers de-
scribed in Table S1 in the supplemental material. Unless otherwise noted,
all PCR products were amplified using Pfu Turbo DNA polymerase (Strat-
agene) and cloned into pCR2.1-TOPO vector (TOPO TA Cloning Kit;
Invitrogen). Then fragments containing S2P,, genes were excised from
the TOPO vector and subcloned into a pET21b-derived vector (Table 1).
The expression vector pZR827, which contains a transmembrane segment
(denoted cytTM, residues 1 to 23) from rabbit cytochrome P450 2B4 (49)
upstream of a multiple cloning site (MCS), was used to generate N-termi-
nal cytTM fusion S2P,,, proteins. A pro-o™ consisting of residues 1 to 126
and with an S20G mutation [pro-o®(1-126)S20G] encoded in plasmid
PZR327 (67) was used as the artificial substrate for testing the proteolytic
activities of S2Ps,,. All genes subjected to mutagenesis were carried out
using a QuikChange kit from Stratagene. All cloned PCR products and
mutated genes were confirmed by DNA sequencing.

Cotransformation of plasmids into E. coli and induction of recom-
binant proteins. To test the proteolytic activities of the five putative
S2Ps,, in our reconstituted E. coli system, a plasmid bearing an individual
S2P,, gene (Amp") and plasmid pZR327 bearing the pro-o™(1-126)S20G
gene (Kan®) were cotransformed into E. coli BL21(DE3). A single colony
grown on LB agar plate with antibiotics Amp and Kan was inoculated into
5 ml of LB broth containing Amp and Kan and incubated at 37°C with
rotation at 250 rpm until it reached an optical density at 600 nm (ODy,)
of about 1.0. Expression of the recombinant proteins was induced with
isopropyl-B-p-thiogalactopyranoside (IPTG; 250 wM), and incubation
was continued at 37°C at 250 rpm for 3 h; then cells were collected by
centrifugation and stored at —80°C.

Fractionation of cellular proteins. To determine the subcellular lo-
calization of S2Ps ,, the whole-cell lysate, cytoplasmic fraction, and mem-
brane fraction were prepared as described previously (68) with the follow-
ing modifications. E. coli cells from 100-ml cultures induced as described
above were harvested by centrifugation (12,000 X g for 10 min) and re-
suspended in 6 ml of phosphate-buffered saline (PBS) lysis buffer (pH
7.2) (Invitrogen), containing 1 mM Pefabloc, 0.5 mg/ml lysozyme, 10
pg/ml DNase I, and 10 pg/ml RNase A. Cells were disrupted by passage
twice through a Nano DeBEE electric benchtop laboratory homogenizer
(BEE International) at 14,000 1b/in? and cell debris was separated by
centrifugation at 12,000 X gfor 10 min at 4°C. The low-speed supernatant
was subjected to ultracentrifugation at 4°C for 1.5 h at 200,000 X g
(Optima 130K Ultracentrifuge; Beckman). The resulting ultrasupernatant
(4.5 ml) served as the cytoplasmic fraction. The pellet was resuspended in
PBS (4.5 ml) with 1% Sarkosyl, and this suspension served as the mem-
brane fraction. Sample preparation was described previously (67, 68).
Equal amounts of 2X sample buffer (50 mM Tris-HCI, pH 6.8, 4% SDS,
20% [vol/vol] glycerol, 200 mM dithiothreitol [DTT], 0.03% bromophe-
nol blue) were added to each fraction, and samples were boiled for 3 min
and then subjected to SDS-PAGE and Western blot analysis.
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TABLE 1 Plasmids used in this study

Five Intramembrane Metalloproteases in A. variabilis

Plasmid  Description® Construction” Reference or source

pZR12 Kan"; T7-pro-o*(1-126)-H6 68

pPZR173  Kan'; T7-0%(21-126)-H6 PZR12 was subjected to SDM with primers LK1567 and LK1568  This study
to delete first 20 residues of pro-o®

pZR200  Amp'; T7-F2-H6 cloning vector 67

PZR209  Amp"; T7-cytTM-SpolVEB-F2-H6 67

pZR327  Kan'; T7-pro-o*(1-126)-S20G-H6 67

PZR615 Amp* Kan'; Ava_1070 ava_1070 amplified with primers ZR07 and ZR08, cloned into This study
pCR2.1-TOPO

pZR616  Amp" Kan'; Ava_1730 ava_1730 amplified with primers ZR09 and ZR10, cloned into This study
pCR2.1-TOPO

PZR617  Amp® Kan'; Ava_3438 ava_3438 amplified with primers ZR11 and ZR12, cloned into This study
pCR2.1-TOPO

pPZR618  Amp"; T7-MCS-F2-H6 PZR200 was subjected to SDM with primers ZR05 and ZR06 to This study
create Sacl and Nhel sites downstream of F2-H6

PZR661  Amp" Kan'; Ava_4785 ava_4785 amplified with primers ZR13 and ZR14, cloned into This study
pCR2.1-TOPO

PZR662  Amp' Kan'; Ava_1797 ava_1797 amplified with primers ZR03 and ZR04, cloned into This study
pCR2.1-TOPO

PZR632 Amp"; T7-Ava_1730-F2-Hé6 Ndel-Sall fragment excised from pZR616, subcloned into Ndel- This study
Sall-digested pZR618

PZR633  Amp’; T7-Ava_3438-F2-H6 Ndel-Sall fragment excised from pZR617, subcloned into Ndel-  This study
Sall-digested pZR618

PZR634  Amp'; T7-Ava_1070-H6 BamHI-Sall fragment excised from pZR615, subcloned into This study
BamHI-Xhol-digested pZR209

PZR796 Amp"; T7-cytTM-Ava_1797-F2-H6 BamHI-HindIII fragment excised from pZR662, subcloned into This study
BamHI-HindIII-digested pZR209

PZR797  Amp'; T7-Ava_4785-F2-H6 Ncol-HindIII fragment excised from pZR661, subcloned into This study
Ncol-HindIII-digested pZR209

PZR817  Amp'; T7-cytTM-Ava_1797(E63Q)-F2-H6 PZR796 was subjected to SDM with primers ZR144 and ZR145 This study
to make an E63Q mutation

PZR819  Amp'; T7-Ava_4785(E67Q)-F2-H6 PZR797 was subjected to SDM with primers ZR146 and ZR147 This study
to make an E67Q mutation

PZR820  Amp’; T7-Ava_1730(E18Q)-F2-H6 PZR632 was subjected to SDM with primers ZR142 and ZR143 This study
to make an E18Q mutation

PZR827  Amp’; T7-cytTM-MCS-F2-H6 Oligonucleotides ZR161 and ZR167 were annealed, forming a This study
MCS, which was cloned into BamHI-HindIII-digested
pZR209

PZR830  Amp'Kan'; Ava_1070(201-417) ava_1070(201-417) amplified with primers ZR216 and ZR218, This study
cloned into pCR2.1-TOPO

PZR844 Amp'Kan'; Ava_3438(184-407) ava_3438(184-407) amplified with primers ZR214 and ZR215, This study
cloned into pCR2.1-TOPO

PZR845  Amp’; T7-cytTM-Ava_3438(184-407)-F2-H6 Ndel-Sall fragment excised from pZR844, subcloned into Ndel-  This study
Sall-digested pZR827

PZR874  Amp’; T7-cytTM-Ava_1070(201-417)-F2-H6 Ndel-Sall fragment excised from pZR830, subcloned into Ndel-  This study
Sall-digested pZR827

pZR922  Amp'; T7-cytTM-Ava_1070(201-417)E266Q-F2-H6 PZR874 was subjected to SDM with primers ZR170 and ZR171 This study
to make an E266Q mutation

PZR940  Amp"; T7-cytTM-Ava_3438 (184-407)E259Q-F2-H6 ~ pZR845 was subjected to SDM with primers ZR168 and ZR169 This study

to make an E259Q mutation

@ Amp", ampicillin; Kan", kanamycin; T7, T7 RNA polymerase promoter and a translation initiation sequence; F2, two FLAG epitopes; H6, six histidine residues; cytTM,
transmembrane segment from rabbit cytochrome P450 2B4 (67); MCS, multiple cloning site.

b Unless stated otherwise, the template for PCRs was A. variabilis genomic DNA. SDM, site-directed mutagenesis.

Western blot analysis. Equivalent amounts of E. coli cells (depending
on the optical density at 600 nm) were collected from 0.5 to 1.0 ml of
culture by centrifugation (12,000 X g). Whole-cell extracts were prepared
as described previously (68) with the exception of the two coexpression
samples of truncated Ava_1070(201-417) and Ava_3438(184—-407) plus
pro-o¥(1-126)S20G. These two coexpression samples were resuspended
as above in PBS lysis buffer and incubated at 37°C for 10 min and then
subjected to sonication under 25% amplitude (three times for 10 s with a
5-s interval in an ice-water bath) (Digital Sonifer; Branson), and cell de-
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bris was separated by centrifugation at 12,000 X gfor 10 min. The proteins
in the low-speed supernatant were separated by SDS-PAGE and subjected
to Western blot analysis as described previously (32). Antibodies against
pentahistidine (Qiagen) and FLAG (Sigma) were used at 1:5,000 dilu-
tions.

Purification of proteins. E. coli cells (100 ml) bearing pZR327 [pro-
0"(1-126)S20G-H6, where H6 indicates a His tag] alone or in combina-
tion with pZR209 (cytTM-SpolVFB-F2-H6, where F2 indicates two cop-
ies of a FLAG tag), pZR796 [cytTM-Ava_1797-F2-H6], pZR797
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FIG 2 Sequence alignment and phylogenetic tree of five putative A. variabilis site-2 proteases. (A) Sequence alignment of five S2Ps,,, with other homologs in
diverse species including higher plants and humans. Secondary structural elements of S2P,;, a site-2 protease (S2P) from M. jannaschii (17), are shown at the top
of the alignment. Three highly conserved motifs, HEXXH, AG(P/I), and N(X),DG, are highlighted in red. The aligned sequences are M. jannaschii (GI 2499926),
B. subtilis (GI 16079849), H. sapiens (GI 6016601); A. thaliana (GI 15238440), O. sativa (GI Os03g0792400), and A. variabilis (Ava_1070, Ava_1730, Ava_1797,
Ava_3438, and Ava_4785). (B) Phylogenetic tree of five putative S2Ps,,, and the other five homologs in bacteria, archaea, higher plants, and human. The five
S2Ps,, are branched into three groups: Ava_1797 and Ava_4785 are close to archaeal M. jannaschii S2P; Ava_1070 and Ava_3438 are close to proteins of higher
plants (A. thaliana and O. sativa); Ava_1730 is close to proteins of human and bacteria (H. sapiens and B. subtilis).

(Ava_4785-F2-H6), and pZR817 [cytTM-Ava_1797(E63Q)-F2-H6] were
harvested by centrifugation at 12,000 X g for 10 min at 4°C. The pellets
were resuspended in 12 ml of PBS lysis buffer, disrupted by passage
through a Nano DeBEE electric benchtop laboratory homogenizer, and
subjected to ultracentrifugation. Cytoplasmic fraction used for purifica-
tion of 0™(21-126)-H6 and membrane fraction used for purification of
pro-oX(1-126)S20G-H6 were prepared as described above. Talon Super-
flow Resin (Clontech) was used to purify o(21-126)-H6 and pro-c¥(1-
126)S20G-H6 following the manufacturer’s instructions. Amicon Ultra-4
Centrifugal Filter Units with a 10-kDa cutoff (Millipore) were used to
concentrate samples. Purified and concentrated samples were subjected to
quadrupole time of flight (Q-TOF) mass spectrometry (MS) and SDS-
PAGE, followed by Coomassie blue R-250 staining and Western blot anal-
ysis.

N-terminal sequencing. E. coli cells bearing pZR327 [pro-c*(1-
126)S20G-H6] in combination with pZR797 were induced and harvested
as described above in 100 ml of LB broth with appropriate antibiotics.
Unprocessed pro-o*(1-126)S20G-H6 and the processed product were
purified from the low-speed supernatant (12,000 X g) using Talon Super-
flow Resin (Clontech) following the manufacturer’s instructions. The pu-
rified processed and unprocessed proteins were separated on 14% SDS-
PAGE with Tris-Tricine buffer (0.1 M Tris, 0.1 M Tricine, and 0.1% SDS),
electroblotted onto Sequi-Blot polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad), stained with Coomassie solution (0.1% Coomassie bril-
liant blue R-250, 1% acetic acid, and 40% methanol), and destained with
50% methanol. The faster-migrating processed protein was submitted to
the Michigan State University Macromolecular Structure Facility for N-
terminal sequencing.

Mass spectrometry. Mass spectrometric analysis was performed at the
South Dakota Biomedical Research Infrastructure Network (SD BRIN)
Proteomics Core Facility (University of South Dakota). The purified pro-
teins were desalted using ZipTip with 0.6 pl of C,4 resin (Millipore). Then
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proteins were diluted two times in water-acetonitrile-trifluoroacetic acid
(TFA) (49.9:50:0.1) and 1 to 2 pl (approximately 25 ng/pl) was injected
into the quadrupole time of flight mass spectrometer using a syringe
pump (Q-TOF Micro; Waters Micromass). The ionization was performed
in positive mode through a nanoelectrospray ionization (nano-ESI) probe
in MS mode with the following parameters: capillary voltage, 3,500 V;
sample cone, 35 V; and extraction cone, 2.0 V. The ESI spectra with mul-
tiple charge states were acquired using MassLynx software, version 4.1
(Waters Micromass), at an m1/z range of 600 to 2,500 Da and deconvoluted
using the MaxEnt1 tool of MassLynx, version 4.1, with the following pa-
rameters: range, 12,500 to 16,000 Da; resolution, 0.5 Da/channel. The
instrument was calibrated using 100 ng/ul myoglobin from horse (Sigma-
Aldrich) before the samples were run.

RESULTS

Identification of five putative site-2 protease genes in the A.
variabilis genome. Genome-wide comparative analysis of S2P
metalloproteases in A. variabilis identified five genes (ava_1070,
ava_1730, ava_1797, ava_3438, and ava_4785) encoding homo-
logues of the S2P family using SpoIVFB from B. subtilis as a tem-
plate. As shown in Fig. 2A, Ava_1070, Ava_1730, Ava_1797,
Ava_3438, and Ava_4785 all contain three conserved motifs,
HEXXH, AG(P/I), and N(X),DG, typical signatures of the S2P
metalloprotease family. Although the core domains (a-helices 2,
3, and 4) of S2Ps are highly conserved from bacteria to humans,
the primary sequences and distribution of core domains are very
diverse. Only the core domains can be aligned, and sequence ho-
mology elsewhere is negligible. The five S2Ps,,, are branched into
three groups: Ava_1797 and Ava_4785 are close to the archaecon
Methanocaldococcus  jannaschii S2P (S2P,;), Ava_1070 and
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Five Intramembrane Metalloproteases in A. variabilis
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FIG 3 Five S2Ps,, are membrane proteins. (A) Schematic representation of the predicted topology of five S2Ps,, and SpoIVFB. Putative transmembrane helices
were predicted using TMHMM (30). The length of the line is proportional to its amino acid sequence length. The C-terminal cystathionine-f-synthase (CBS)
domain and PDZ domain are highlighted in blue and red, respectively. Ava_1070(201-417) and Ava_3438(184—407) are truncated versions of full-length
proteins without the portions shown in gray. (B) Five S2Ps,, were detected in the membrane fraction. E. coli cells bearing pZR632 to produce Ava_1730-F2-H6
(43 kDa; lanes 2 to 4), pZR796 to produce cytTM-Ava_1797-F2-H6 (50 kDa; lanes 5 to 7), pZR797 to produce Ava_4785-F2-H6 (43 kDa; lanes 8 to 10), pZR845
to produce truncated cytTM-Ava_3438(184—407)-F2-H6 (31 kDa; lanes 11 to 13), pZR874 to produce truncated cytTM-Ava_1070(201-417)-F2-H6 (31 kDa;
lanes 14 to 16), pZR209 to produce cytTM-Spol VFB-F2-H6 (42 kDa; lanes 18 to 20) as a control for membrane protein, and pZR173 to produce 0*(21-126)-H6
(13 kDaj lanes 21 to 23) as a control for cytoplasmic protein were collected 3 h after IPTG induction. Extracts from equivalent cell amounts were fractionated as
whole-cell lysate (W), the low-speed (12,000 X g) supernatant from centrifugation, the cytoplasmic fraction (C), and membrane fraction (M) after ultracen-

trifugation (200,000 X g) and then immunoblotted using antibodies against FLAG (left and top right panels) or His, tag (bottom right panel).

Ava_3438 are close to S2Ps of higher plants (Arabidopsis thaliana
and Oryza sativa), and Ava_1730 is close to S2Ps of human and
bacteria (H. sapiens and B. subtilis) (Fig. 2B), implying that they
may be involved in various signaling functions and have distinct
substrate specificities.

In addition to the core domains, C-terminal cystathionine-f3-
synthase (CBS) domains, which can bind adenosine-containing
ligands such as ATP, AMP, or S-adenosylmethionine (25), are
found in Ava_1797 and Ava_4785 (Fig. 3A). Previous studies sug-
gested that the CBS domain of Spol VEB interacts with its substrate
pro-c® and that ATP influences their interaction in B. subtilis
(67), suggesting that Ava_1797 and Ava_4785 might have a sub-
strate similar to pro-o® in A. variabilis. A PDZ domain, a small
protein module that promotes protein-protein interactions
through association with other protein domains in their partner
proteins to carry out their specific functions, is found in Ava_1730
(Fig. 3A). It has been demonstrated that the PDZ domain of
SpolVB is responsible for protein interactions in the process of
activation of the o in B. subtilis (13).
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Five putative S2Ps,, are transmembrane proteins. Putative
transmembrane helices (TMHs) in five S2Ps,, were predicted us-
ing TMHMM (30) through the web server available at http://www
.cbs.dtu.dk/servicess TMHMM]/. As seen in Fig. 3A, the total num-
ber of transmembrane helices in S2Ps,, range from 4 in Ava_1730
to 11 in Ava_3438, even though all five S2Ps,,, consist of HEXXH
and N(X),DG motifs in their core domain TMHs. To determine
whether these putative S2Ps ,, are indeed membrane proteins, in-
dividual full-length S2Ps,,, fused to C-terminal tandem tags con-
sisting of two copies of the FLAG tag (F2) and His, (H6) were
overexpressed in E. coli and subjected to subcellular fractionation.
Total proteins from the resulting whole-cell lysate and cytoplas-
mic and membrane fractions were separated by SDS-PAGE and
subjected to Western blotting using anti-FLAG antibody to mon-
itor S2Ps. As shown in Fig. 3B, Ava_1730 and Ava_4785 were
expressed (lanes 4 and 10, respectively) and present exclusively in
the membrane fraction (lanes 2 and 8, respectively). However, the
expression of full-length Ava_1797, Ava_3438, and Ava_1070,
which are predicted to have 6, 11, and 10 transmembrane seg-
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ments, respectively, was not detectable (data not shown) in whole-
cell lysates, probably due to their poor expression. Because the
S2P,, expression levels were below the limits of detection in this
experiment, an attempt to increase S2P ,, expression was made by
fusing a transmembrane segment (denoted cytTM, residues 1 to
23) from rabbit cytochrome P450 2B4 to the 5’ end of each S2P,,,
gene. This cytTM had been successfully used to improve the ex-
pression of Spol VEB when fused to its N terminus (67). As shown
in Fig. 3B, cytTM-Ava_1797-F2-H6 was detectable (lane 7) and
present solely in the membrane fraction (lane 5); however,
cytTM-Ava_1070-F2-H6 and cytTM-Ava_3438-F2-H6 were still
below their detection limits (data not shown). Since a truncated
S2P,,; containing all the core domains accumulated well in E. coli
and maintained proteolytic activity (17), it is possible to improve
Ava_1070 and Ava_3438 expression levels in E. coli through elim-
ination of some transmembrane helices. To this end, TMHs 1 to 3
and 9 to 10 of Ava_1070 (Fig. 3A) and TMHs 1 to 3 and 10 to 11 of
Ava_3438 (Fig. 3A) were deleted. As seen in Fig. 3B, the truncated
proteins  cytITM-Ava_3438(184-407)-F2-H6 and  cytTM-
Ava_1070(201-417)-F2-H6 were expressed (lanes 13 and 16, re-
spectively) and present solely in the membrane fraction (lanes 11
and 14, respectively). Taking these results together, we conclude
that all five S2Ps,, are membrane proteins.

The five putative S2Ps,, are capable of cleaving Bacillus
pro-c* in a reconstituted E. coli system. Unlike the conventional
proteolytic enzymes, polytopic I-CLips with catalytic-site motifs
embedded within transmembrane segments (2, 17, 19, 58) cleave
the transmembrane helix of substrates inside the lipid bilayer. It is
very difficult to purify such membrane enzymes and reconstitute
their activities in vitro. To circumvent this problem, we previously
established an E. coli system for studying Bacillus RIP and demon-
strated that SpoIVFB specifically cleaves the N-terminal mem-
brane segment of an MTF pro-o*, releasing active o* from the E.
coli cytoplasm membrane into the cytosol (68, 69). Before a phys-
iological substrate is identified, certain transmembrane proteins
can serve as artificial substrates to test the proteolytic activities of
site-2 proteases (2, 17). Using the reconstituted E. coli system with
pro-o® as an artificial substrate, we tested the hypothesis that the
five S2Ps,, have intramembrane proteolytic activities. First, five
putative S2P,, genes (ava_1070, ava_1730, ava_1797, ava_3438,
and ava_4785) were individually cloned into pZR200 (a pET21b-
derived expression vector C-terminally tagged with two copies of
a FLAG tag and His, in tandem; Amp"). Next, each of these five
plasmids was cotransformed with pZR327 [for expression of Ba-
cillus pro-o™(1-126)S20G-H6 in E. coli; Kan'] into BL21(DE3) to
test the specific proteolytic cleavage of pro-o™(1-126)S20G-H6 by
each putative S2P,,,. Pro-o™(1-126)S20G-H6 (67) was cleaved by
SpoIVEB more efficiently than the wild-type pro-o*(1-126)-Hé.
So, the mutant pro-c*(1-126)S20G-H6 was selected to test the
proteolytic activity of the five S2Ps,,. As shown in Fig. 4A and in
Fig. S1 in the supplemental material, three putative S2Ps
(Ava_1730, Ava_3438, and Ava_1070) were capable of cleaving
pro-o*(1-126)S20G-H6. The cleavage products (Fig. 4A, lanes 4,
7, and 8, respectively) nearly comigrated with o®(21-126)-H6
(Iane 5) but were not detected in control samples (lanes 2, 3, 6, and
9, respectively), indicating that Ava _1730, Ava_3438, and
Ava_1070 have intramembrane cleaving protease activity for pro-
o"(1-126)S20G-H6. Because some S2P,, expression levels were
below the detection limit in this experiment, an attempt to in-
crease S2P,,, expression was made by either fusing a cytTM to the
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5" end of each S2P,, gene or eliminating some transmembrane
helices outside the S2P core domains (Fig. 3A and B). As expected,
Ava_1730, Ava_4785, Ava_1797, truncated Ava_3438(184—407),
and truncated Ava_1070(201-417) were capable of cleaving pro-
o®(1-126)S20G-H6 (Fig. 4B, lanes 2, 4, 6, 10, and 12, respec-
tively). The cleavage products nearly comigrated with (21—
126)-H6 (lane 8). We conclude that Ava_1730, Ava_4785,
Ava_1797, Ava_3438, truncated Ava_3438(184—407), Ava_1070,
and truncated Ava_1070(201-417) have intramembrane-cleav-
ing protease activity.

Bioinformatic analysis of five putative S2Ps ,, showed that they
all contain three motifs, HEXXH, AG(P/I), and N(X),DG, which
are strictly conserved in S2P metalloproteases. It is known that a
catalytic glutamic acid (E) and two metal-coordinating histidines
(H) in the HEXXH motif and a third metal-coordinating aspartic
acid (D) in the N(X),DG motif together form a zinc-binding site,
which is the catalytic center of the S2Ps (38). It is thought that the
glutamic acid activates a water molecule for cleaving an extended
and therefore accessible TMH substrate peptide bond (48). If
these five putative S2Ps,, are metalloproteases, then changing the
glutamic acid residue to glutamine (Q) will prevent metal binding
and cause reduction or even loss of proteolytic activity. To address
the hypothesis that the five S2Ps,, are zinc metalloproteases, the
effect of S2P ¥~ mutants in the HEXXH motif was investigated.
As shown in Fig. 4C, all five S2P,,* 2 mutants failed to cleave
pro-o(1-126)S20G-H6, suggesting that the proteolytic activities
of the five S2Ps,, were abolished by changing E to Q in the
HEXXH motif. Thus, our results provide further evidence that
these five putative S2Ps,,, are metalloproteases.

Ava_4785 and Ava_1797 accurately cleaved pro-o*(1-
126)S20G-H6. To determine where the S2Ps,,, cleave pro-o™(1—
126)S20G-H6, N-terminal sequencing and mass spectrometry tech-
niques were used in this study. N-terminal sequencing was conducted
to determine the N-terminal amino acid sequence of the cleavage
product by Ava_4785, which had the strongest band based on Coo-
massie staining among the five S2Ps,,, (Fig. 5F, lane 8). The deter-
mined N-terminal sequence of the peptide cleaved by Ava_4785 is
YVKNN (see Fig. S2 in the supplemental material), which is identical
to that of ®(21-126)-H6 cleaved by SpoIVFB from B. subtilis. Fur-
thermore, the purified products of pro-o*(1-126)S20G-H6 cleaved
by Ava_4785 and Ava_1797 (Fig. 5F, lanes 8 and 9, respectively) were
also analyzed by quadrupole time of flight (Q-TOF) mass spectrom-
etry. As positive controls, intact pro-o™(1-126)S20G-H6 (Fig. 5F,
lane 12) and the peptide o™ (1-126)S20G-H6 cleaved by cytMT-
SpoIVFB-F2-H6 (Fig. 5F, lane 10) were also analyzed. Q-TOF MS
detected peaks at 15,035.3 Da (Fig. 5E) and 12,852 Da (Fig. 5C),
respectively, which are in good agreement with their calculated
masses of 15,031 Da for pro-o™(1-126)S20G-H6 and 12,853 Da for
%(21-126)-H6. The mass of the peptide cleaved by Ava_4785 (Fig.
5A) or Ava_1797 (Fig. 5B) was 12,851.5 Da, which matched very well
with the theoretical mass of ¥(21-126)-H6 (12,853 Da). In addition,
no signals were observed around 12,853 Da from the purified mate-
rials through Talon Superflow Resin from cultures coexpressing
Ava_1797(E63Q)-F2-H6/Pro-c*(1-126)S20G-H6 by Q-TOF MS
(Fig. 5D), Coomassie staining (Fig. 5F, lane 11), and Western blotting
(Fig. 5F, lane 5), further confirming that the 12,851.5-Da peaks de-
tected from Ava_4785 and Ava_1797 are 0¥(21-126)-H6. Therefore,
we conclude that S2Ps,,, (Ava_4785 and Ava_1797) cleave the same
glycine-tyrosine bond (Fig. 5G) in pro-c(1-126)S20G-H6 as is
cleaved by SpoIVEB (67).
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FIG 4 Five S2Ps,,, are site-2 metalloproteases. (A) Proteolytic activities of full-length Ava_1070, Ava_1730, and Ava_3438. E. coli cells bearing pZR632
(Ava_1730-F2-H6) (lane 3) or pZR633 (Ava_3438-F2-H6) (lane 6), pZR634 (Ava_1070-H6) (lane 9) alone or in combination with pZR327 [pro-oc*(1—
126)S20G-H6] (lanes 4, 7, and 8, respectively) were induced with IPTG for 3 h to express the indicated proteins; then whole-cell extracts were subjected to
Western blot analysis using antibodies against pentahistidine. E. coli cells bearing pZR327 [pro-c*(1-126)S20G-H6] alone (lane 2) or in combination with
PZR209 (cytTM-SpoIVEB-F2-H6) (lane 5) serve as negative and positive controls. (B) Proteolytic activities of five S2Ps , . E. coli cells bearing pZR632 (Ava_1730-
F2-H6) (lane 3), pZR797 (Ava_4785-F2-H6) (lane 5), pZR796 (cytTM-Ava_1797-F2-H6) (lane 7), pZR845 [cytTM-Ava_3438(184—407)-F2-H6] (lane 11), or
pZR874 [cytTM-Ava_1070(201-417)-F2-H6] (lane 13) alone or in combination with pZR327 [pro-c™(1-126)S20G-H6] (lanes 2, 4, 6, 10, and 12, respectively)
were induced with IPTG for 3 h to express the indicated proteins; then whole-cell extracts were subjected to Western blot analysis using antibodies against FLAG
(top panels) or pentahistidine (bottom panels). E. coli cells bearing pZR327 [pro-o*(1-126)S20G-H6] alone (lane 9) or in combination with pZR209 (cytTM-
SpoIVFB-F2-H6) (lane 8) serve as negative and positive controls. (C) Proteolytic activities of the five S2Ps,, were abolished by the E-to-Q substitution in the
HEXXH motif, a hallmark of S2P metalloproteases. E. coli cells bearing pZR940 [cytTM-Ava_3438(184—-407)E244Q-F2-H6] (lane 3), pZR922 [cytTM-
Ava_1070(201-417)E266Q-F2-H6] (lane 5), pZR820 [Ava_1730(E18Q)-F2-H6] (lane 7), pZR819 [Ava_4785(E67Q)-F2-H6] (lane 9), or pZR817 [cytTM-
Ava_1797(E63Q)-F2-H6] (lane 11) alone or in combination with pZR327 [pro-c*(1-126)S20G-H6] (lanes 2, 4, 6, 8, 10, respectively) were induced with IPTG
for 3 h to express the indicated proteins; then whole-cell extracts were subjected to Western blot analysis using antibodies against FLAG (top panel) or
pentahistidine (bottom panel). E. coli cells bearing pZR327 [pro-c*(1-126)S20G-H6] alone (lane 12) serve as a negative control.
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FIG 5 Mass spectrometric analysis for the peptides cleaved by S2Ps,,. Q-TOF mass identification of peptides cleaved by Ava_4785-F2-H6 (A), cytTM-
Ava_1797-F2-H6 (B), cytTM-SpolVFB-F2-H6 (C), or cytTM-Ava_1797(E63Q)-F2-H6 (D) is shown. As a control, the m/z spectrum of intact pro-o*(1—
126)S20G-H6 is also shown (E). (F) Purified pro-o™(1-126(S20G)-H6 or 0*(21-126)-H6 detected by Coomassie staining (right panel) and Western blotting
(left panel). Lanes 2 and 8, purified *(21-126)-H6 cleaved by Ava_4785-F2-H6; lanes 3 and 9, purified peptide-H6 cleaved by cytTM-Ava_1797-F2-H6; lanes
4 and 10, purified peptide-H6 cleaved by cytTM-SpoIVFB-F2-H6; lanes 5 and 11, purified sample from cytTM-Ava_1797(E63Q)-F2-H6; lanes 6 and 12, purified
pro-cX(1-126)S20G-H6. The calculated masses of ¢*(21-126)-H6 and pro-¢(21-126)S20G-H6 are 12,853 Da and 15,031 Da, respectively. (G) Partial amino
acid sequence of pro-o*(1-126)S20G-H6 and o®(21-126)-H6. The cleavage site was mapped between residues Gly** and Tyr*' by SpoIVEB. The italicized

sequences represent transmembrane helix of pro-¢*(1-126)S20G-H6.

DISCUSSION

RIP is a newly discovered but little understood mechanism that
controls many important signaling pathways conserved from bac-
teria to human. In this report, five putative site-2-type I-CLips
were initially identified in A. variabilis by a genome-wide bioin-
formatics analysis. We tested proteolytic activities of five putative
S2Ps,, toward pro-c<(1-126)S20G-H6 and showed that all five
S2Ps are capable of cleaving pro-o™(1-126)S20G-H6. Further
analyses by N-terminal sequencing and Q-TOF mass spectrome-
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try revealed that S2Ps,, accurately cleave the same glycine-ty-
rosine bond in pro-o*(1-126)S20G-HG6 as is cleaved by the cog-
nate enzyme SpolVFB. Furthermore, we showed, for the first time,
that the five S2Ps ,,, display HEXXH-dependent catalytic activities.

Substrate specificity of S2P type I-CLips. Both Ava_4785 and
Ava_1797 contain the CBS domains found in SpoIVFB and
exhibit the highest proteolytic activities (40 to 44%) toward
pro-c*, while the cognate protease SpolVFB showed 64%
cleavage efficiency in E. coli (see Fig. S3 in the supplemental
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material). The other three S2Ps,, (Ava_1730, truncated
Ava_1070, and truncated Ava_3438) without CBS domains
also showed lower proteolytic activities (30 to 33%) (see Fig.
S$3) toward pro-c®. Ava_1070, perhaps because it had the poor-
est expression in E. coli, showed much lower proteolytic activ-
ity (see Fig. S1, lanes 10 to 12, in the supplemental material)
than its truncated version (Fig. 4B, lane 12).

In summary, all five S2Ps,,, including the truncated ones, are
capable of cleaving the artificial substrate MTF pro-o to some
extent (Fig. 4A and B; see also Fig. S3 in the supplemental mate-
rial). The apparent nonspecificity of the five S2Ps,,, here raises the
question of their biological significance. There is some evidence
that S2Ps can cleave multiple substrates; e.g., human S2P cleaves
both SREBP and ATF6 (65), and YluC (a Bacillus S2P) cleaves
both RsiW (50) and FtsL (6) in B. subtilis. We anticipate that other
cofactors/associated proteins in the biological systems may be in-
volved in S2P specificity determination. Moreover, the RIP signal-
ing pathways can also be regulated temporally and spatially by
controlling gene expression levels and their subcellular localiza-
tions, which may further contribute to S2P substrate specificity.
Although the physiological substrates for these five S2Ps ,, are cur-
rently unknown, the 14 putative genes encoding MTFs identified
(datanot shown) in the genome of A. variabilis are being tested for
substrate possibility.

Overexpression of functional I-CLips in E. coli. An attempt to
overexpress the full-length S2Ps,, in E. coli was made to study
their subcellular localization and enzymatic activities. Three pro-
teins (Ava_1730, Ava_1797, and Ava_4785) are detectable, while
the other two (Ava_1070 and Ava_3438) are not, possibly due to
complex topological properties. Ten TMHs and 11 TMHs (Fig.
3A) were predicted in Ava_1070 and Ava_3438, respectively, by
the transmembrane prediction program TMHMM. To solve this
problem, truncated versions of Ava_1070 and Ava_3438 were cre-
ated with their core domains kept intact. As expected, the expres-
sion levels of truncated Ava_1070(201-417) and Ava_3438(184-
407) became detectable (Fig. 3B). To confirm that these five
proteins were transmembrane metalloproteases, we fractionated
the whole-cell lysate into cytoplasmic and membrane fractions,
which revealed that all five S2P,, (three full-length and two trun-
cated) proteins were present solely in the membrane fraction. Fur-
thermore, we showed, for the first time, that five S2Ps,,, display
HEXXH-dependent catalytic activities, which categorize these five
S2Ps,, as a family of intramembrane metalloproteases.

Addition of cytTM to the N terminus of SpoIVEB (a Bacillus
I-CLip) increased its accumulation in E. coli by at least 100-fold
(67). The same approach was successful in increasing the yield of
Ava_1797 (Fig. 4B, lanes 6 and 7). On a per cell base, cytTM-
Ava_1797 accumulation in E. coli was about three times higher
(Fig. 4B and data not shown) than that of cytTM-SpoIVFB. The
higher level of expression for Ava_1797 indicates that it will be
possible to do deeper biochemical and structural analyses for this
group of I-CLips.

Over 1,857 putative S2Ps were identified in 1,426 available ge-
nomes (http://merops.sanger.ac.uk/cgi-bin/make_frame_file?id
= M50); however, it is more difficult to study RIP events in higher
plants and human due to their more complex organismal nature
and the lack of powerful genetic tools. Only a few S2P-type pro-
teases have been studied to date due to lack of an efficient exper-
imental system to study such a polytopic intramembrane metal-
loprotease (2, 3, 8, 10, 67). Our reconstituted E. coli system in
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which a putative S2P is coexpressed with an artificial substrate
should be applicable to studies of other RIP events and adaptable
to the characterization of I-CLips from all life forms.

S$2Ps may mainly be involved in stress response and stress-
induced cellular differentiation. RIP is a conserved process, and
the proteases involved are evolutionarily related. In 1,426 avail-
able genomes, about 70% have one or more putative S2Ps. Inter-
estingly, all five putative S2Ps ,, are found to have orthologs in 10
out of 39 cyanobacterial genomes (http://genome.kazusa.or.jp
/cyanobase), with the exception of Nostoc punctiforme, which has
one more S2P, Npun_R1354 (see Table S2 in the supplemental
material). One to four putative S2Ps were found in 29 other cya-
nobacterial genomes (see Table S2). Furthermore, six putative
S2Ps were also found in the genomes of Arabidopsis thaliana (see
Table S2). Unlike cyanobacteria and higher plants, animals tend to
have fewer putative S2Ps in their genomes, despite their complex-
ities. Surprisingly, in 85 completed animal genomes, there is only
one putative S2P found in each of the 62 mammal genomes and
none in the other 23 genomes. Perhaps this discrepancy reflects an
evolutionary adaptation because animals can “escape” a harsh en-
vironmental condition and therefore encounter fewer stresses,
while plants and many microorganisms have to evolve adaptive
mechanisms for survival under stress conditions from which they
cannot move away. Consistent with this hypothesis, microarray
data strongly suggest that S2Ps play important roles in the numer-
ous stress responses of Arabidopsis (Genevestigator database;
Nebion AG, Zurich Switzerland) (see Table S2). In addition to the
correlation with stress responses, the distribution of S2P genes in
prokaryotic genomes appears to be well correlated with the com-
plexity of cellular differentiation. For example, E. coli, with no
cellular differentiation, has only one S2P, B. subtilis, with spore
formation, has four S2Ps, Myxococcus xanthus, with complex
fruiting body formation, also has five putative S2Ps, while A.
variabilis with four types of differentiated cells has five putative
S2Ps. Based on this survey, some microarray data (9, 14), and
high-throughput sequencing of RNA transcripts (RNA-seq) (18),
we speculate that S2Ps in A. variabilis may be primarily involved in
stress responses, including the regulation of stress-induced cellu-
lar differentiation that seldom or never occurs in animals. With
our preliminary results indicating that Ava_4785 is involved in the
cold response and that Ava_1730 also cleaves the B. subtilis cell
division protein FtsL (K. Chen and R. Zhou, unpublished results),
their biological significance is under investigation. Knocking out
these five S2P,,, genes and characterizing the phenotypes of these
five mutants are ongoing. The long-term goal is to understand the
mechanisms of these S2Ps,, that govern RIPs and their biological
significance in cyanobacteria.
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